States could benefit from long-term mechanical circulatory support as destination therapy. To provide an improvement over currently available devices, we have designed a fully implantable axial-flow ventricular assist device with a magnetically levitated impeller (LEV-VAD). In contrast to currently available devices, the LEV-VAD has an unobstructed blood flow path and no secondary flow regions, generating substantially less retrograde and stagnant flow. The pump design included the extensive use of conventional pump design equations and computational fluid dynamics (CFD) modeling for predicting pressure-flow curves, hydraulic efficiencies, scalar fluid stress levels, exposure times to such stress, and axial fluid forces exerted on the impeller for the suspension design. Flow performance testing was completed on a plastic prototype of the LEV-VAD for comparison with the CFD predictions. Animal fit trials were completed to determine optimum pump location and cannulae configuration for future acute and long-term animal implantations, providing additional insight into the LEV-VAD configuration and implantability. Per the CFD results, the LEV-VAD produces 6 l/min and 100 mm Hg at a rotational speed of approximately 6300 rpm for steady flow conditions. The pressure-flow performance predictions demonstrated the VAD's ability to deliver adequate flow over physiologic pressures for reasonable rotational speeds with best efficiency points ranging from 25% to 30%. The CFD numerical estimations generally agree within 10% of the experimental measurements over the entire range of rotational speeds tested. Animal fit trials revealed that the LEV-VAD's size and configuration were adequate, requiring no alterations to cannulae configurations for future animal testing. These acceptable performance results for LEV-VAD design support proceeding with manufacturing of a prototype for extensive mock loop and initial acute animal testing. ASAIO Journal 2005; 51:702-710.
An estimated 4.9 million Americans suffer from congestive heart failure (CHF), a clinical syndrome that involves ventricular dysfunction resulting in a reduction in cardiac output. 1, 2 A reduction in cardiac output leads to inadequate perfusion, fluid accumulation, and activation of salt-water retention mechanisms (renin-angiotensin-aldosterone system). 2, 3 Statistics from the American Heart Association indicate that approximately 550,000 new CHF cases are diagnosed each year in the United States, 1 and an estimated 52,828 cardiac failure patients die each year from CHF.
If short-term medical intervention, whether surgical or through aggressive medications, is not successful, many of these heart failure patients become candidates for cardiac transplantation. Because of the limited number of donor hearts available each year (2,500), CHF patients often require mechanical circulatory support (MCS) as a bridge to transplantation, and many such patients may die while awaiting a donor organ. 2 Ventricular assist devices (VADs) have proven successful in bridge-to-cardiac transplant support of individual patients suffering from end-stage heart failure and encourage the belief that bridge to recovery and destination therapy is possible. 4 An estimated 35,000 to 70,000 Americans could benefit from long-term MCS each year. 5 To provide a viable option as destination therapy for these heart failure patients, the devices must be far more reliable.
To assure improvement over currently available devices, we have designed a fully implantable axial-flow VAD with a magnetically levitated impeller (LEV-VAD). 6, 7 This hydraulically efficient axial-flow pump is characterized by a streamlined and unobstructed blood flow path which facilitates a continuous washing of all surfaces contacting blood, minimizing the irregular flow patterns and flow stasis. In contrast to current axial-flow VADs, the LEV-VAD described here includes an impeller that is suspended entirely by magnetic bearings, not conventional mechanical (pivot or fluid) bearings like those used in the MicroMed DeBakey and Jarvik 2000. 8 Magnetic bearings have no moving parts in contact and thus do not wear over time; they also have a longer operational life than mechanical bearings. 9 -11 This design reduces regions of stagnant and high shear flow that normally surround a hydrodynamic or mechanical bearing by enabling larger clearances between the rotor and housing. 12 Figure 1 illustrates a cut-away view of the LEV-VAD housing (115 mm in length by 35 mm in diameter) and impeller, including suspension and motor components. The LEV-VAD design consists of an inducer region with six stationary blades to reduce the tangential flow components and thus flow prerotation into the pump; an impeller with four blades to impart fluid kinetic energy to the fluid; and a stationary diffuser section with three blades specifically designed to convert the kinetic energy to pressure (Figure 2) .
In this article, we present the initial design and performance of the LEV-VAD. Animal fit trials were completed to determine pump location and cannulae configuration for future acute and chronic animal implantations. The pump design included the extensive use of conventional pump design equations and computational fluid dynamics (CFD) modeling for predicting pressure-flow curves, hydraulic efficiencies, scalar fluid stress levels, exposure times to such stress, and axial fluid forces exerted on the impeller for the suspension design. The scalar stress estimations and transit exposure time to such stress provide valuable insight into regions of high and low fluid stresses, risking blood cell trauma and thrombosis. Researchers in artificial heart technology at institutions all over the world have used CFD to predict the performance of VAD designs. [13] [14] [15] [16] [17] [18] [19] A plastic LEV-VAD prototype was also constructed based upon the above-listed design criteria for flow performance testing to validate the pump's design. The pump has an identical nonobstructed flow path to the computational model, but it has a mechanical suspension that allows accurate location of the impeller within the pump housing and direct measurement of the axial fluid force acting on the impeller. The experimental flow measurements involved generating pressure-flow curves and measuring the axial fluid forces for direct comparison to the CFD predictions.
Materials and Methods

Conventional Design Equations and Fit Trial Experiments
Conventional pump design equations were used to estimate the initial dimensions of the LEV-VAD. Depending on the specific desired operating conditions (rotational speed, flow rate, and pressure rise), the blade characteristics, including diameter, leading/trailing edge angles, thickness, and height, were estimated using these pump design equations. 20 A full-scale, aluminum mock-up of the computational derived LEV-VAD was used to test the fit of the pump in animals, providing additional insight into the VAD's size/configuration and implantability. In collaboration with cardiovascular surgeons at the University of Virginia Medical Center, three fit trials (two adult pigs of 30 kg and one adult sheep of 70 kg) were completed to accomplish three objectives: 1) establish which animal would be most suitable for in vivo testing, 2) the operative procedure and manner of implantation, and 3) the implant potential impact given the pump's size and configuration. A left thoracotomy and a standard midline sternotomy were performed and compared on the first and second pig, respectively. The final animal fit trial was completed in a 70 kg adult sheep via a sternotomy. For these fit trials, the total length of the rigid inflow cannula was approximately 10 cm with an angle of 35°relative to the axial direction of the pump. The outflow cannula was a goose-neck flexible apparatus, which allowed bending and shaping of the cannula as needed.
Computational Model of the LEV-VAD
Using these initial dimensions and characteristics from the fit trials and conventional design equations, a computational model of the LEV-VAD was generated. A suite of software, Bladegen and TascFlow by ANSYS Incorporated (Canonsburg, PA), was used to simulate the flow through the computational model of the VAD. Bladegen, a blade-design software program specifically for turbomachinery, was used to generate the blade geometries for the inducer, impeller, and diffuser. Based on this geometry, GridPro, a product of Program Development Company (New York, NY), was used to generate a computational mesh with acceptable element aspect ratios. The grid density was decided according to the requirements imposed by the flow; thus, a more refined grid was specified in regions expected to have large gradients. Special attention was given to the very small gap between the wall and the tip of the blades. For instance, in the inducer section, eight grid elements were used to model the radial gap of 0.15 mm between the impeller and the tip of inducer blades. After successful mesh generation, TascFlow solved the Reynolds-averaged NavierStokes (RANS) equations in this three-dimensional computational domain.
The full computational mesh model consisted of approximately 540,000 elements with convergence times of approximately 18 hours for each simulation on a Sun Dual 450 MHz Microsystems Workstation. Blood was assumed to have a Newtonian behavior. An acceptable fluid density of 1050 kg/m 3 and viscosity of 3.5 cP were applied for each CFD simulation. Grid convergence studies were completed to determine regional grid densities, and a convergence cutoff of 1 ϫ 10 Ϫ4 was used for each CFD simulation. Several design iterations were completed on each region of the LEV-VAD before finalizing a full computational model. This article presents the final LEV-VAD design used for prototype manufacturing for acute and long-term animal testing. Flow rates of 2 to 10 l/min and rotational speeds of 5000 to 8000 rpm were simulated using CFD. The CFD performance analysis included the generation of pressure-flow curves, hydraulic efficiency estimations, fluid forces exerted on the impeller, and scalar stress values to consider potential blood trauma and fluid stasis risking hemolysis and thrombosis.
Boundary Conditions
Steady flow simulations were completed to ensure constant boundary conditions and velocities, and a no-slip boundary condition was applied to the stationary walls so that the fluid velocity values along the boundary would equal zero. The stationary and rotating walls were specified using multiple frames of reference. The absolute reference frame was specified as rotating in counterclockwise direction, in accordance with the orientation of the rotating impeller blades. The inducer and diffuser regions were specified in a relative frame of reference, while the impeller region was specified as being in the rotating absolute frame. The wall corresponding to the bladed surface of the impeller was specified as stationary in the absolute frame of reference, and the rest of the impeller surface was selected as a wall rotating in the relative frame. The frozen rotor interface linked regions of differing reference frames and maintained flow properties without circumferential averaging. Uniform flow rate at the inflow boundary and impeller rotational speed were specified for each simulation. The outflow pressure was specified to be constant at 20,000 Pascals as the outlet boundary condition.
Turbulence Model
Turbulent flow conditions do exist in the adult LEV-VAD with Reynolds numbers of 10 4 (Re ϭ D 2 /). Under turbulent flow conditions, the variables in the governing Navier-Stokes equations are decomposed into average and fluctuating components. The time averaging procedure for the Navier-Stokes equations yields additional stress terms, which are called the Reynolds stresses (). When solving the governing NavierStokes equations with these additional stress terms, turbulence models are typically employed. One method of modeling these nonlinear Reynolds stress terms in the RANS equations is by approximating the turbulent kinetic energy (k) and the viscous dissipation rate of that energy (). The k-turbulence model has been used successfully for several years in designing our previous adult centrifugal heart pump prototypes and in the design of numerous other blood pumps. 9, 13, 14, 18, 19, 21, 22 The overall pump performance using this model was compared with experimental flow measurements, as subsequently discussed.
Scalar Stress Estimations
The Reynolds and viscous stress at any nodal location in the computational flow field can be estimated using TascFlow. Bludszuweit completed a computational flow study of blood damage in an Aries Isoflow Pump using TascFlow, 23, 24 which involved the development of a scalar stress value that is based on the comparative stress theory of fluids. The scalar stress value accounts for the six components of the stress tensor, including viscous and the dominating Reynolds stresses, and represents the level of shear in the flow field. We adopted this approach to account for the three-dimensional shear field and calculated the scalar stress () according to Bludszuweit's stress formula:
Additionally, streaklines were examined to approximate maximum residence times of fluid particles in the LEV-VAD and to estimate exposure times to fluid stress levels.
Hydraulic Efficiency and Fluid Force Predictions
The hydraulic efficiency for each simulation was determined according to:
where is the fluid power efficiency, ṁ denotes the mass flow rate (kg/s), represents the fluid density (kg/m 3 ), P 2 symbolizes the total pressure at the pump's outlet (N/m 2 ), P 1 represents the total pressure at the inlet (N/m 2 ), M is the applied mechanical torque (N·m), and signifies the rotational speed (rad/s).
Likewise, the fluid forces exerted on the impeller were estimated to ensure an effective (stiff) magnetic bearing suspension design. A force macro was used in TascFlow to calculate the fluid forces exerted over the impeller's wetted surface area during operation.
Experimental Prototype Testing
A plastic prototype pump, specifically for fluid dynamic measurements, was designed and built as seen in Figure 3A .
The pump has the same flow path as the computational model, but the impeller is mounted on a shaft that allows for both accurate location of the impeller within the pump housing and direct measurement of the axial force acting on the impeller. The pump was designed to be modular so that components of the pump (inducer, housing, diffuser, or impeller) may be easily changed during design optimization studies. The pump housing was machined from a single piece of acrylic. An epoxy master of each part (inducer, diffuser and impeller) was made from the solid model; a rubber mold was made from this master; and, urethane pieces were cast from this rubber mold. The final pieces were hand polished to bring dimensions of blade tips and clearances to within tolerance (0.13 mm). Finally, brass inserts were inserted into the urethane to provide a precision mating surface to the drive shaft and to provide a metallic target for an inductance type position sensor. Pressure rise, flow rate, and axial force were measured over a range of operating conditions and rotational speeds.
A schematic of the test rig used for these measurements is shown in Figure 4 . The test rig consists of an inlet and outlet tank, entrance length of pipe, drive motor, translation stages for positioning of the impeller, and pressure and load sensors. An aluminum channel attached to both tanks supports and aligns the diffuser, inducer, and housing. Fluid flows from the inlet tank through a shaped nozzle and inlet pipe into the inducer. The nozzle and inlet pipe are intended to produce fully developed flow entering the pump, which is the same inlet boundary condition as for the CFD solution. Flow returns from the outlet tank to the inlet tank via 19 mm diameter flexible tubing with a valve for adjusting the resistance of the flow loop. The working fluid in the test rig was a 40% by volume aqueous solution of glycerin for comparable viscous properties as simulated in the CFD calculations. A thermocouple located in the inlet tank allowed for the continuous monitoring of working fluid temperature, which was remained at 20º Ϯ 2ºC.
The plastic pump's impeller was supported on a stainless steel drive shaft that passes through the outlet tank via a custom shaft seal made from graphite impregnated Teflon (Redmond Plastics, Marion, NY). The main shaft has a diameter of 12.7 mm, tapering to 3 mm within the pump's exit pipe in order to reduce flow restriction. The shaft was supported by two ball bearings and then connected to the high-speed DC stepping motor (Model 3564, Faulhauber Inc., Clearwater, FL). The rotational speed was continuously monitored and controlled by the motor electronics.
The rotary ball bearings and the motor were mounted on linear bearings to allow for motion in the axial direction. A micrometer was used to control the position of this assembly; therefore, the position of the impeller within the housing. The motion of the entire assembly of bearings (motor and linear bearings) was constrained by an axial load cell (LPM series, Sensotec, Inc., Columbus, OH). The axial fluid force acting on the impeller was transmitted through the shaft and measured with this load cell. Flow rates were measured using an ultrasonic flow meter (Transonic, Ithaca, NY) clamped to the length of flexible tubing. Pressures were determined within both tanks with a diaphragm pressure transducer (Validyne Inc., Northridge, CA; model DP15). Additionally, a pressure transducer was attached via a scanning valve to measure the pressure in the static pressure taps located in the plastic pump's inducer, impeller, and diffuser regions. A noncontacting position sensor (Kaman, Inc., Colorado Springs, CO) was installed in the plastic pump's housing and used to measure the position of the impeller. A LabView program (National Instruments, Austin, TX), was used to collect measurements simultaneously of pressure rise, axial force exerted on the axial load cell, rotational speed, and flow rate. At a given rotational speed, the pressure difference between the inlet and outlet tank, along with the measured flow rate, were recorded. A flow control valve was fully opened to achieve the maximum flow rate possible at that rotational speed. The valve in the flow loop was incrementally closed to change the resistance and thus flow rate. This continued until the valve was fully closed, corresponding to the pump shutoff condition. Figure 5 illustrates the fit trial results. During the first fit trial involving a sternotomy, the VAD was far too large to fit into the 30 kg pig. Thus, a thoracotomy was attempted in a second 30 kg pig. To implant the mock pump successfully into this second pig, two ribs were removed and, even then, there was little room to maneuver the cannulae.
Results
Animal Fit Trials
Despite these difficulties, a third fit trial was completed on a 70 kg sheep using a midline sternotomy, and successful supradiaphragmatic placement of the pump was demonstrated. As an alterative, consideration was made regarding abdominal placement in sheep. Because sheep have four stomachs filled with water, the stomachs cannot be compressed by the pump; therefore, the pump cannot be placed in the abdomen. For the sternotomy, the inflow cannula was designed for successful implantation into the left ventricular apex with the pump housing lying horizontally across the diaphragm (as seen in Figure 5B ). The original, rigid shape of the inflow cannula was deemed acceptable and would not need to be altered for future animal testing. Similarly, the direction of flow through outflow cannula would be directly in line with the descending aorta, the point of anastomosis.
In summary, the pump's size and configuration with cannulae were found to be satisfactory, especially for implantation into sheep via a sternotomy. Thus, sheep will be used in future acute and chronic animal testing of the LEV-VAD. Many investigators have used sheep for testing of VADs because of anatomical and cardiovascular flow profile similarities. [25] [26] [27] [28] [29] [30] [31] Moreover, Zietkiewicz et al. 32 demonstrated that a CHF model can be reliably established in sheep, allowing further options for future testing and evaluation of the LEV-VAD in pathophysiologic conditions.
Design and CFD Modeling
The design point for LEV-VAD was selected as 6 l/min at 100 mm Hg pressure rise with an operating flow range of 2 to 10 l/min and pressures of 80 to 160 mm Hg. Table 1 details selected design parameters and operating conditions that were determined from the conventional design equations. The computational model was constructed according to these dimensions.
For each rotational speed, the pressure rise across the computational model (Figure 6 ) was determined for flow rates of 2 to 10 l/min using CFD. Each data point corresponds to a steady-state simulation for a given flow rate and rotational speed. The pressure performance curves show the pump's ability to deliver adequate flow (2 to 10 l/min) over physiologic pressures. At the design point, the LEV-VAD produces 6 l/min and 100 mm Hg for a rotational speed of approximately 6300 rpm under steady flow conditions. Acceptable hydraulic efficiencies were observed over the simulated operating range. Figure 7 depicts the hydraulic efficiency performance curves for LEV-VAD design. The best efficiency points (BEPs) for these rotational speeds and flow rates ranged from 20% to 30%. These BEPs correlate well with typical efficiencies for other blood pumps. 33 Similarly, Figure 8 displays the computed axial fluid forces exerted on the LEV-VAD's impeller for a centered, optimal operating position. For these rotational speeds and flow rates, the axial force reached a maximum force of 7 N towards the pump inlet at 2 l/min and 8,000 rpm. Due to the axi-symmetry of the impeller and its centered location within the pump's housing, the radial fluid forces were found to be on the order of 10 -3 N in magnitude, thus to be virtually insignificant. The magnitudes of axial fluid forces are well within the counterforce generation capabilities of the magnetic suspension design. The increase in axial fluid force with an increase in rotational speed correlates with the change in axial pressure difference across the pump as expected.
The scalar stress estimations (Figure 9 ) along the blade tip surfaces through the pump model for a rotational speed of 7000 rpm were found to be approximately 450 Pa, particularly in the forward 20% of the impeller blades. At 7000 rpm, scalar stresses of 300 Pa occurred along the tip surface of diffuser blades. Sallam and Hwang et al. 34 measured approximately a threshold stress level of 400 Pa for 100 milliseconds during a turbulent jet experiment where Reynolds stresses dominated the flow field. Shortly after, researchers 35, 36 found that perhaps 600 to 800 Pa was potentially more reasonable for this experiment than was reported by Sallam and Hwang et al. 34 Figure  9 also illustrates the streaklines tracking fluid particle residence times in the LEV-VAD. All of the particles were considered to start at the pump's inlet at an initial time equal to zero. As seen in the figure, the maximum time required for a particle to travel through the pump via the narrow gap between the housing wall and the tip of the blades was approximately 200 milliseconds, whereas all other particles exited the LEV-VAD in only 80 milliseconds. Hence, the estimated 450 Pa scalar stress levels in the LEV-VAD are reasonable until additional hemolysis testing can be completed with a pump prototype. Figure 10 demonstrates the experimental flow performance measurements compared to the CFD predictions. CFD Pres- sure-flow performance results for the adult axial-flow VAD agree well with the measurements over the entire range of rotational speeds tested in the flow test loop. CFD simulations overestimated the LEV-VAD's flow performance. Nevertheless, the maximum discrepancy between CFD and the experimental pressure-flow measurements was Ͻ 18%. Generally, the discrepancy was Ͻ 10%. The difference between the CFD estimation and experimental measurements might be a result of the turbulence model used ( ) and its limitations (inferior accuracy for low Reynolds numbers or in capturing the fluid characteristics during flow separation). However, this turbulence model was selected because it provided the most conservative performance predictions. Figure 11 illustrates the axial fluid force curve comparison between the CFD predictions and experimental results. The CFD and experimental data demonstrate the general trend of increasing axial force as a function of pressure rise. At every operating point, the measured axial force was found to be approximately 12% less than the computed CFD value. At a specific rotational speed, the functions are monotonic, suggesting that the pressure rise across the pump may be accurately deduced knowing only the axial force and rotational speed. Novel algorithms that can deduce the pump operating flow rates and pressure rise by monitoring the electrical power to the motor and bearings can be developed to control the impeller's position in the housing and response to fluid perturbations.
Comparison of Experimental Measurement and Predicted Results
Conclusions
The design of the LEV-VAD included the extensive use of CFD performance modeling (pressure-flow curves, hydraulic efficiency and fluid stress estimations, and axial fluid force determinations), animal fit trials, and experimental flow performance testing. Animal fit trials revealed that the LEV-VAD's size was adequate for use in a 70 kg sheep without requiring alterations to cannula configuration.
Per the CFD results, the LEV-VAD produces 6 l/min and 100 mm Hg at a rotational speed of approximately 6300 rpm for steady flow conditions. The pressure-flow performance predictions demonstrated the VAD's ability to deliver adequate flow over physiologic pressures for reasonable rotational speeds with BEPs ranging from 20% to 30%. Scalar fluid stresses were also found to be acceptable, although future blood bag and animal experiments would quantify these levels more accurately.
The very reasonable correlation between the computationally predicted and experimentally measured performance results for the adult axial-flow LVAD lends credence to the CFD predictions. The CFD numerical estimations generally agree within 10% of the experimental measurements over the entire range of rotational speeds tested. Axial fluid forces, both experimentally and computationally determined, remained very low and within counterforce generation capabilities of the magnetic suspension system.
Although the flow rate through continuous pumps varies as a result of the native heart beat, all of the numerical and experimental experiments in this study were for a constant flow rate. This greatly simplifies the execution and interpretation of the data and is common practice in heart pump design. The range of operating conditions chosen for this study is meant to cover the range of conditions that the pump will experience during clinical use when operating with a native heart, and is not limited to mean flow condition. The mean flow field and turbulent stresses for steady and pulsed flow have been compared in a centrifugal blood pump. 37 It was shown that there is little difference in the details of the flow field between the pulsed flow case and steady flow case at the corresponding flow rate, thereby validating the quasi-steady assumption, and giving us some confidence that this range of steady flow conditions is representative of conditions that the pump will experience clinically.
These acceptable performance results for LEV-VAD design support proceeding with manufacturing of a prototype for extensive mock loop characterization and initial acute animal testing. Mock loop and acute animal testing will be underway at the Utah Artificial Heart Institute and University of Virginia.
In vivo animal testing will be performed to demonstrate that the LEV-VAD is safe and effective for long-term implantation.
